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SUI™MARY

1) Since alteration in the wicking behavior is one of the obvious results
of blending of synthetics with wool, some question has been raised as to the

consequences of this phenomenon in warmth and comfort of clothing. Experiments

have been conducted analagous to two differing types of use situations: 1) that

corresponding to moist-varm conditions in which a single layer of cloth is in
contact with a moist skin and one face freely exposed to the wind, and 2) that
corresponding to cold weather conditions in which multilayers of fabrics are

used and free exposure of some of the component layers is absent. Under the

first test condition, the results show that more heat and moisture are transferred

through a single layer of a wicking Orlon serge than through a slow wicking wool
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The iifferences in behavior are explained by the relative quantities of
lfquid wate:r present oi. the face of the fabrics 1in each case. Since some of the
energy for evaporation 1s supplied from the wind stream rather than drawn en-
tirely from the body, 1t cannot be certain, as yet, that more effective cooling

2t_the body surface results from the use of wicking clothing under the experi-

mental warm condi;ions,

2) Under conditions in which free exposure of the moist fabric to air is
prevented, as in the interior layers of arctic assemblies the wet thermal resis-
tance is not related to the wicking character of the fakric, This is demonstrated
by the similar wet thermal resistance (with the two plate Cenco Fitch apparatus)
of underwear made of wool and shrink-resistant wool, and of nylon and water
repellent nylon. Similarly, chlorination treatment of two types of shirting is
shown to be without effect on the wet thermal resistance.

With assemblies of initially dry serges over moist underwear, diflerences
irn thermal transfer at low pressures using either Orlon or wool sergs are
explained entirely by thickness differences of the assemblies, Drastic
alteration of the wicking behavior of the wool serge in such an acsembly by
treatment with a rewetting agent produces no change in thermal resistance of the
assembly. Assemblies of wicking and non-wicking serges exhibit similar losses
of heat and moisture even when onc face is exposed to the wind; thus the be-
havior of a double layer of Orlon approaches that of a single layer of wool
serge of equivalent thickness, The resistance to transfer of water from fabric
to fabric limits the wetting of the exposed outer layer and thus decreases
evaporation and heat loss,

3) At the suggestion of the Philadelphia Q¥ laboratory, a comparison of
methods now used for measuring wicking was made in order to determine whether any
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one of the methods was potentially suitable for specification purposés. With
a group of fabrics differing widely in this property, very good agreement was
found with the vertical sirip method, a horizontal strip method and the drop
absorption technique. The last of thes2, by virtue of its simplicity, appears
to be most suitakble for the fabrics stulied.

4) British textile workers have recently rediscussed the potential
benefits from the use of high regzin fibers in clothing in preventing chilling,
The thermostatic effect arises from the heat liberated during sorption of water
vapor by the fiber. Using the best available data frem the literature, it is
shown that a substantial fraction of the metcbolic heat nmay be realized during
transfer of fibers from low to high relative humidity conditions (1i.e. indoors
to outdoors), the amount being proportional to the net regain changz. Whether
this heat i¢ available under practical clothing conditions has not yet been
demonstrated experimentally. Factors tending to decrease the amount of heat
realized in practice are: 1) the slowness of diffusion of water vapor in air
layers betveen fabrics, 2) the influence of body perspiration in minimizing

regaln changes in clothing fabrics,
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DETAILS

I. Wet Thermal Measurenents of Fabrics and Assembliesl
A, Introduction

Since ons of the obvious effects of synthetic fibers in blends with
wool.is to increase the wicking rate, some study has been given to the conse=-
quences of this effect on the thermal resistance of fabrics., icasurements were
made using various underwear fabrics which have been well characterized in
respect to their wetting and wicking behavior. In addition, preliminary measure-
ments using assemblies of fabrics are réported which, while more complex physicallw
correspond more realistically to the use condition.

B. Underwear Fabrics

Thermal resistance was determined as previously described with the
Cenco-Fitch apparatus, The details of the fabric properties have been given in
Report 6, Wicking characteristics of the underwear fabrics measured at that time
were shown to be: Very rapid -- Cotton (RD 68); Moderate -- Nylon (RD 62) and
Shrink-resistant ‘lool (RD 70); Very slow =-- Wool (RD 86) and Water-repellent
Nylon (RD 65),

The intrinsic thermal resistances (Cosec m2/cal) of the five underwear
fabrics are summarized in Figure 1, being plotted as a function of moisture
content, Specific thermal resistances (intrinsic thermal resistance divided by
thickness) in units of c’sec m2/ca1 in, are given adjacent to the points of
Figure 1, The data for all of the undarwear fabrics illustrate the decrease in
insulatjon -ith added moisturc. The wool fabrics exhibit higher intrinsic thermal
resistances at all moisturec contents than the other fabrics tested. This is only
partly due to the greater thicknessj when corrected to unit thickness the wool
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underwear at these test conditions is still greater by 20-507 in specific
resistance than the nylon underwear.

It is important to note that this effect is not a consequence of the
wicking behavior as measured by transport rates or by drop absorption. This is
demonstrated by the similar wet thermal bzhivior of thé pair of wool underwear
fabrics, one relatively rapi? in wicking anc one quite slow, and by the pair of
nylon fabrics which are also i7entical in thermal bkeravior and yet have quite
different wicking rateé. Of interest also, s the Zact that the specific thermal
resistances of the shrink-recistant wool and of the nylon underwear are not the
same despite the similarity in wicking behavior. Thus, contrary to the in-
dications from an earlier trial with serges (Report 8), it is concluded that a
relationship between wet thermal properties and wicking is not a gencral one,

In the present case, the lower specific resistances of cotton compared with
nylon and wool or of nylon compared with wool must arise from other sources:

1) The arrangement of the fibers at the fabric surfaces would
be different with the several fiber types and this could lead to differences in
the efficiency of thermal transfer from the fabric to the heat source and
recelver of the apparatus; indeed, the "hot penny” data given previously (Report
6) show the cotton fabric to be least hairy, the wool samples most hairy and the
nylon fabrics intermediate.

2) The conductance of the fiber substance and/or the arrange-
ment of the fiters (and hence of the water) in the yarn and fabric might well be
expected to differ. This possibility has been discuss.d in Report 6 in respect

to the thermal resistance of dry fabrics and seems 2ppiicable to the wet case,




c. Shirting Fabsi .2 E.iact of Chloninat.cu.

A question related to the comfort behavior and wicking is the effect
on thermal properties of shrink-resistance treatment, these being knowh 6 alter
the wetting behavior of fabrics in some cases. While the results in the previous
section indicated that the wet thérmal properties of untreated and shrink-resise
tant underwear were vittually identical it was considered desirable to verify
this with another fabric type. Two jack-shirting types of cloth were available
which had been m}l! treated by a ¢hlerinatioh procecs. samples being taken before
and after treatment. Thermal measurements were made as kefore but at thicknesses
corresponding to pressures of 1.C lb/inz. Typical results are given in Table 1.
The treatment for shrink-resistance 1s seen to produce no alternation in the
thermal resistance of the shirtings either in the alr dry state or with addition-
al moisture. It is finteresting to note however that the blend exhibits lower
thermal resistance than the comparable all wool fabric again illustrating the
specific effect of fiber type and arrangement.

D. Assemblies: Serge over Underwear

Experiments were performed on assemblies consisting of a single'layer
of serge over & single layer of underwear, the latter containing varying amounts
of moisture. This experimental condition may be thought of as analagous to the
use condition in which active sweating occurs. Tests werc made with an initial
temperature differential of 22 to -10°C, such that frosting occurred on the cold
(serge) face, and at thicknesses corresponding to 0.0l and 0.1 1b’4a. The
resultes at C.0L lb/in2 are summarized in Figure 2.

The curves show the similarity in behavior of the assenblies
irrespective ~f the type of serge used. The greater thermal resistance of
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the wool serge-underwear assembly may be attributed to the greater thickness,
since, when corrected to unit thickness, the specific resistances {figures
adjacent to curves) are identical within experimental.error. This is confirmed
by the fact that shearing of the wool serge to a thickness equal to that of the
Orlon serge, results in an observed thermal resistance equal to that of the Orlon
serge In an assembly, Thus under these conditions, the wet thermal r esults are
explainable simply in terms of the thickness of the assembly and the degree of
wetness of the underlayer rather than to any effects due to wicking of the upper
serge layer, )

Somewhat different results were obtained in a more limited series of
trials measured at a higher pressure - 0.1 1b/in2, The initial temperature
gradient was 23 to -10°C as before but nylon underwear was employed for the
under-layer. Thils change was made to avold curling and related manipulative
difflculties encountered with the wool underwear after 1t had been shown that this
substitution was without effect on the thermal results. Results obtained with
the nylon underwear containing initially about 25/ moisture are given in Table 2.

Comparison of the data in which wool or Orlon serge was used in
the upper layers shows the greater intrinsic resistance of the assembly con-
taining wool. This result is only partially explained by the difference in
thickness since the calculated specific resistances are still dissimilar out-
side experimental variability. That an inherent difference besides thickness
exists, between the Orlon and the wool assemblies, in this group of experiments
1s also shown by the results obtained wifh the sheared wool and with the napped
Orlon serge. Despite the equivalence in thickness (comparing the napped

Orlon with the wool and the sheared wool with the Orlon assembly), the assembly
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contalning the wool serge always exhibits greater thermal resistance than the
corresponding Orlon member of the peir.

It was thought possible that in this insténce the differences in
wicking behavior might account for the thermal properties observed, To test
this possibility, the wool serge in its original state and after shearing was
treated by immersion in a dilute solution of an anionic wetting 'agent and dried;
it was observed that the treated cloth exhibited instantaneous wetting. As
shown in Table 2 the thermal resistances of the treated fabrics in contaﬁt with
a moist underwear layer are virtually unaltered in comparison with the untreated
materials, This finding indicates that wicking per se is again unimportant in
respect to thermal behavior under the test conditions employed.

Experimental work 1s now going forward to determine assembly behavior
under other conditions of temperature and plate separation.

It seems possible from examinaiion of the current results that the
type of fabric to fabric contact in an assembly may be of some importance in the
overall behavior. The kind of "wicking”" in which water is transferred from a
moist to a dry fabric appears to be involved in the process studied and this area
will be investigated further,

E, "Sweating Arm" Experiments

The results Just described were designed to evaiuate the thermal
beha.!or of a single layer or layers in the interior of a thick garment assembly,
e,9. an arctic assembly., Since the warm-moist situation, in which a sweating
"skin” 4{s covered by a thin layer of fabric exposed to moving air, is also of

interest, studies with the "sweating arm" apparatus have been continued. The
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effects of fabric wicking under conditions of free exposure to the wind were
expected to be of concern in warm weather clothing or in cold weather assemblies
under high levels of body activity, The results for moisture and heat losses in
the following sections are given in terms of grams of water lost per hour per cm
of water vapor pressure difference between skin and amblent and in terms of the
electrical energy required to maintain the skin at constant temperature in units
of watts per cm of water vapor pressure difference.
1) The Effect of Fabric letness

The results cf wind tunnel measurements on an Orlon serge
(20) and a wool serge (17) at various stages of wetness are given in Table 3,
With initially Jry samples, water rapidly penetrates to the top surface of the
Orlon fabric which becomes visibly wet, This type of surface wetness is not
present in measurements with the wool fabric. The Orlon serge gives rise to
corresponcingly greater heat and moisture losses than does the wool serge. These
observations suggest that water evaporation from the Orlon fabric can occur at
the top (windstream) surface while that from the wool fabric occurs at the
bottom (skin) surface of each fabric. A means of verifying this hypothesis ts
to make the wool and Orlon fabrics more similar in respect to surface wetness
by wetting them out before wind tunnel experiments. Results on initially wet
fabrics are also given in Table 3, Both wool and Orlon pre-wet samples exhlbit
an increase in moisture loss over that of the dry samples and indeed become
experimentally indistinguishable from one another when starting from the wet
state. These results indicate that given a sufficient supply of moisture at
the fabric surface, the wind stream ls capable of evaporating substantial amounts
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»f water from it frrespective of the nature of the fiber. The Orlon serge
starting from the air dry Condition, approaches this wet state rather quickly as
3 consequence of its rapid wicking ability and hence is normally similar to the
sre-wet state. In the case of the wool fabric, a wet state is not normally
reached in the course of a wind tunnel run, Thus, the site of evaporation is
asually near the "skin" side of the fabric and evaporation shifts to thc wind-

stream face only if the fabric is pre-wet.

It is important to note, however, that the greater losses
wmith materials that exhibit high surface wetness do not necessarily imply greater
cooling effect at the body surface since part of the energy for evaporative cooling
comes from the wind streams This is shown by the decrease in the evaporative
zooling ratio for both pre-wet fabrics to a low value of 0.6 to 0,7. Measure-
nents are now in progress to see if the temperatures of the under and outer
fabric surfaces reflect this change in location of ihe evaporation region and
this work should permit better assessment of the role of wicking on comfort
inder warm conditions,

2) The Effécts of Shearing, Napping, and Fabric Layers

Test serge fabrics 17 (wool) and 20 (Orlon) were napped and
sheared for studies of the influence of surface properties of the fabric on heat
ind moisture transfer, The results on these fabrics examined in wind tunnel
'xperiments are given in Table 4, The results with the wool serge at 4.7 mph.
ndicate the existance of 1n effective barrier to the transport of water, perhaps
| still afr diffusion layer on the skin side of the fuzzy fabric surface. This
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1s suggested by the lazk of change in water and power losses upon napping as well
as in experiments with a double layer of the wool serge. Shearing appears to
decrease the thickness of the barrier which would be'stabilized by the surface
fibers and penetration by the wind on the exposed face of the fabric is facili-
tated, This effect is seen in the small but significant increase in water loss
and the corresponding increase in ﬁower loss obtained by shearing the wool fabric,
The single and double layers of wool serge exhibit appreciably higher moisture
transfer in a wind stream of 15,2 mph. than at 4,7 mph. The increases in power
losses are proportionally smaller because a greater fraction of the energy for
evaporation is supplied by the windstream at the higher wind velocity.

In the case of the Orlon serge, the air strezm face of the test
specimen becomes wet quickly in a wind tunnel experiment as noted previously,
Thus, at the end of a two hour run, the specimen may contain as much as 65
per cent of its air dry weight as moisture (see Table 3), The water losses (and
the corresponding power losses) are relatively large due to the free water avajile
able to the wind strcam at both 4,7 and 15 mph, Napping is effective in inter-
posing a barrier to the transfer of water as shown by the decreased losses with
a napped Orlon fabric, This resistance to transfer by the napped cloth may
conceivably be due to two causest (1) The establishment of diffusion barriers
of still air type at the skin and at the air stream faces, and (2) A decrease in
the initial rate of liquid water transfer from the wet "skin" because of the
enhanced a hairiness,

It is interesting to note that the water and pover losses
with the Orlon serge are lowered even further in th: Jouole layer experiments,
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This result is clearly in response to a decreasz in overall wicking by the
assembly, and hence to a decrease in availability of.liguid water to the moving
air stream. Thus, while the skin-side layer of serge contains about 6C per cent
moisture, the air-stream side is virtually air-dry. The skinward shift in the
site of evaporation is also reflected in the increase in evaporative cooling
ratio at 4.7 mph, from 0,85 for the single layer to 1.01 for the double layer.
Indeec, the behavior of the double layer of Orlon serge in respect to water and
power losses from the "sweating arm" approaches that of the single wool layer of
equivalent thickness, With the wicking fabric studied, the use of double layers
interposes an additional barrier to moisture transfer--that between fabric to
fabric. Thus, in these experiments, in which one fabric face of an assembly

is exposed to air, wickingAappears to have little influence on the wet thermal
losses and this is in agreement with the Cenco-Fitch studies previously described.
The fact that this behavior is in contrast with the single layer studies suggests
that i{n addition to wicking customarily measured, the extent of water transfer

from a molst to a dry fabric may be of importance in the study of assemblies.
F. Tre Effects of Gaps and Holes in Clothing

The use of short sleeves and open collars as alds to cooling for
clothed humans under warm-wet stress conditions 1s well recognized. Wind tunnel
experiments on a fabric having varying numbers of holes were carried out at two
wind speeds to examine this effect in a more quiantitative way than previously
reported. The results for tests on the wool serge fabric (17) are sumrarized ¢n
Tzble 3,
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At the slow windspeed (4,7 mph.) two 1/2" diameter holes in the
11,5" x 3.7" sampies incieased water losses appreciably over the control; however,
&ater losses with € additional holes are about the séme as with 2 holes- At a
wind velocity of 15.2 mph. the influence of an increase in number of holes in
the fabric extends at least to 8 holes. Thus It can be seen that the existence
of gaps and exposed areas of the skin can be of great utility in influencing
increased meisture losses under warm stress conditions and this is in conform=~
ance with practical experience. The ®sults further fllustrate that while the
cooling experienced because of the skin exposure is notliceable at low wind speeds,
the amount really becomes of conseguence as the wind velocity is increased,

In these experiments the power losses were altered only slightly
by the exposure of skin surfice, This is probably a reflection of a partial
change in location of the site of evaporaticn from the skin surface under the
fabric to the free sweating surface at the holes. Heat for evaporation frem the
free sweating surface comes mainly from the windstream with only a moderate

contrirution from the sweating surface, and so the power losses from the cell

show only moderate changes as the number of surface holes 1s increased.

I1. Interlaboratory Comparison of Wicking Tests
A, Introduction
A property in which fabric blends exhibit sizeable differences and
which has recelved considerable attention both at the Textile Materials Engineer-
ing Laboratory and in these laboratories is that of wicking. The methods used to
study relative wicking rates of fabrics in the two labora‘ories differ somewhst
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in form and principle. At the request of the Philadelphia Laboratory, comparisons
among these methods were made as a step towards setting up a more uniform approach
for evaluating this property for potential use in specifications. Accordingly,
fabric samples of contrasting construction and material were selected by the
Philadelphia laboratory. These were laundered, cut into 1" strips, and each strip
cut in two (lengthwise} so that one half would be available for testing in each

laboratory.

B, Exparimental Methods

The wicking test in current use for evaluating the water transport
properties of fabrics at the Textile Materials Engineering Laboratory involves
measurement of the time required for water to travel known distances in a strip
of fabrlc suspended vertically with one end in a reservoir of water,

The Harrls Research Laboratory method for examining water transport
along a fabric is also carried out on strips, one end of which is dipped in a
reservoir of water. However in this test the strips are supported horizontally
on a series of pairs of contact‘pins spaced at intervals from the reservoir. The
square of the distance of water travel is plotted agains: the time and the slope
of this curve in units of cm?/sec is the horlzontal wicking ratee

A second test related to wicking is used in the Harris laboratories,
The time taken for 0.2 ml of water, placed on the surface of a fabric, to
penetrate the fabric is called the drop absorptioa time 3nd is used as a measure

of the surface wettinz property of a fabric.
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C. Wicking Results

The zesults of wickirg tests carried out py the two laboratories on
ten febrics of contrasting consizuction and fiber material are summarized in
Tabl2 6. In this tahle the fabrics have been arranged in decreasirg oxder of
wicking sa*e or increasing order of wicking time, Agreument between the methods
on a relative and on an absolute basis is excellent. Fabric 10, a t.ccted
acetate taffeta, exhibited a wide spread in wicking times from sample to sample
indicative of uneven treatment, but the figures for this fabric are within
experimental error of the "slow" wicking class,

D. Discussion

The results of Table 3 suggest that any cne of the wicking methods
would be successful in classifying the wicking behavior of thase fabrics. That
the drop absorption times rate the fabrics in a similar manner to the other
wicking tests is probably a reflection of the fact that fast wicking fabrics
generally have a smooth surface and slow wicking favrics generally have a fuzzy
surface. The result for fabric 10 is again somewhat anomclows but this is
directly traceable to the fact that the drop absorption time is Jowcred by
wicking along the bench under the fabric. A modifi:d drcp absorption test with
the fabric suznended horizontally out of contact with another surface is sugqested
by this observation.

Th2 igoeanrant between the two methods for measuring wicking tehavior
"along" a fabri:z is (¢ De expected, In both test: the driving forxc2 for wicling
is capillary action detween *he fibers of the yers. The classica] lows of

capillary penetritir» pradict a linear relation L. vi2n the squave o7 thn si-~lirg
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distance and time in horizontal penetration (HRL method) and a similar relation
somewhat modified by gravitational forces for vertical penetration (TMEL method).
The deviation from linearity becomes more marked with fabrics of lower wicking
rates. For this reason, it would be theoretically incorrect to calculate a
single wicking rate from data obtained from the vertical wicking test as has
been suggested from time to time. On the other hand use of several wicking
times as being representative of general wicking behavior is certainly adequate
and gives, as shown by this interlaboratory comparison, good agreement with data
on horizontal penetration. Indeed, except for special fabrics of unusual surface
character, the drop absorption test is probably quite adequate for classifying
fabrics according to their relative wicking ability and in view of its simplicitv

could be recommended for most specification purposes.

II1I.Relation of the Water Sorptive Ability of Fibers te Comfort in Clothing
A, Introduction
Textile fibers derived from cellulose products {cci*cn, viscose,

acetate, etc.) and from protein materials (wcol, silk, Vicar:) differ from the
organic synthetic fibers (nylon, the acrylics, Dacron) in one major physico-
chemical aspect which may give rise to differences in their behavior in textile
sssemblies, The first class sorb water in appreciable amouats from a moist
atmosphere and indeed the amount sorbed or the "regain" of the material con-
stitutes an appreciable portion of the weight of fabrics made frem these raterials.
In contrast, fibers made from materials of the second class, exhib i very small

molsture regain values.
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The sorption of moisture by all materizls is accompanied by the
evolution of heat. The amouni of hsat evoived is »roportional to the amount of
water taken up and to the "tijhitn2ss" of the bindiﬁg of the water on the solid
material. Thhs "tightness™ of tha binding of water is reflected in the magnitude
of the heat of sorption of the process,

Cassie and co-workers were among the first to discuss the magnitude
of the heating produced by wool fabrics exposed consecutively to dry (indoor) and
moist (outdoor) atmospheric conditions, Their experiments revealed that the
amount of heat produced by the moisturc sorbed was of the same order of magnitude
as the metabalic heat produced by the body,and they suggested that much of the
comfort imparted by wcol fabrics under such conditions was due to this "heat of
sorption” effect. In a recent talk before the British Asscciation, Cassie has
again emphasized the importance of this behavicr of fibrous materials and has
given calculations to show that temperature differentials in the fabrics due to
molsture scrption tend to slow cooling by thermal transmission through the fabric
as well as to reduce the total temperature drop attained by such a fabric under
cold-moist co .witicns. In other words, textile materials, by virtue of their
abillity to absorb moisture, can potentially afford the body protection against
sudden temperature changes at the outer layer of clothing and hence at the skin,
This thermostatic action of clothing fibers has a bearing, therefore, on the
comfort aspects of fabrics and blends for cold weather use. In view of the
interest aroused by Cassie’s recent discussion of this subject, the principles
involved in evaluaticn of the heat of sorption effect are reviewed below and these
are considered in connection with their application to several fiber types under
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practical environmental conditions,
B, ' Heats of Sorption

The process of sorption of water vapor by textile fibers is accom=
banied by the evolution of heat and the heat evolved arises both from the
condensation of water on the sorption surface (L) and from the energy of binding
of the liquid to the solid surface (Q)e Hence, the heat of sorption may for
purposes of measurement and calculation be considered as related to the sum of
the two temms, L + Q, The contribution of the first term, L, to the heat of
sorption depends only on the amount of water involved. The magnitude of the second
term, Q, depends onj a) the nature of the absorbing substance, b) the amount of
moisture absorbed, and c) the initial state of regain of the fiber, The regain
of the fiber prior to the action of water sorption is important because the heat
of wetting is highest at very low moisture contents and hence, under the usual
circumstances of textile exposure, the maximum amount of heat from his source
is not realized,

Data have been aséembled (Table 7) to illustrate the heat of sorption
effect in a typlcal case involving transfer of several textile materials from a
warm-dry (indoors) condition at 30°C and 33,54 relative humidity to a cool-moist
(outdoors) condition at 15°C and 907% relative humidity, These conditions are
reasonably realistic and data are available from sorption measurements in this
range.

Since the heat of sorption depends on the amount of water sorbed,
reported investigations on the sorption of water by fibers were extensively
reviewed and the best data for wool, viscose, cotton, and nylon were used to
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calculate the regain figures of Table 7. The values for the "indoor" condition
of this table are desorption regain figures and the values for the "outdoor"
condition are scrption figures. The difference between these values, then,
represents the net gain 1in water in a kilogram of fiber on being transferred
from the warm-dry to the coocl-moist state in the example chosen,

Experimentally, the heat of wetting, Q, can be determined calori-
metrically by measurement of the amount of heat liberated by the successive
additions of small amounts of water to a known mass of fiber., Such measurements
on a variety of fiber types have been conducted very recently by the Bﬁreau of
Standards and the results made available to us through the kindness of Dre. J. Re
Kanagy. This work ajiecs well with previously publiéhed data and was used to
compute heat of wettirg values, Q, for the moisture conditions of the example,
The heat of condensation, L, from the International Steam Tables, is 584 cal/gm
at 22.5°C and the "unit" heat of sorption per gram of watér, L +Q, is given
in Table 7, It is clear that the heat of condensaticn, L, is of much greater
consequence than the heat of wetting, the forrer being two orders of magnitude
large:s Henee the total heat of sorption, obtained from the product of the
unit cac of :rrptlon and the net water gain, is mainly influenced by the amount
of water sorbad by the fiber in any given case. For the example conditions in
Table 7, the total amcunt of heat ideally achievable is high for the high~regain
fibers, viscose and wool, and is low for the loer regain fibers, cotton and
nylon,

C. Discussion

It is tc bc empghasized that the heat of sorgiion valucs calculated in
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Table 7 represent the maxima obtalnable under the example conditions chosen,
Under other conditions, however, it is colear from the principle which has been
established that the extent of sorptive heating could be predicted from the net
changes in moisture content, Thus;fibers may be grouped with respect to their
capacity to exhibit a heat of sorp{ion effect based strictly on their relative
regains, '

It has been stressed by Rees and by Cassie that the amount of heat
available from fabrics in transferring them from a dry to a moist atmosphere
1s at least a substantial fraction of the metabolic heat. For a moderate level
of activity, the metabolic heat production may be on the order of 200 kilo-
calories/hour and hence in the example cited the heat available from sorption
could amount to 15 to 50 percent of the metabolic rate depending on the fiber
type.

An important aspect of this problem for which there is as yet no
unequivacal answer is with respect to how much of the total heat of sorption
is made available in practice, Cassie has developed a theory of heat propagation
which accounts for the slow rate of conditioning in terms of the heat of sorption,
His experimental work involved the measurement of the temperature change of a
plug of fibers when air flowing through it was suddenly changed in temperature
and relative humiditys. Consistent with his theory, his results clearly demon-
strated the thermostatlic effect with various fibers, the resistance to changes
in temperature being proportional to the slope of the regain-relative humidity
curve.s Under diffusion conditions, the observed rate of temperature change is
substantially slowed so that even relatively low regain tibers,e.g. cotton

- 18 -




2T g el U

(the lowest regain fiber employed by Cassie),may take many hours to reach
temperature equilibriume, In terms of the use condition, therefore, experimental
evidence is still lacking as to the relative influence of the heat of sorption
and of difusion in offering significant protection against rapid change in
temperature of a fabric. It seems reasonable to suggest that the practical
case will most often be some placé between the diffusion and the forced circu-
lation conditions employed in Cassie's experiments, The approach to diffusion
conditions in the still air layers at the surface and between fabric layers in
cold weather assemblies could, however, tend to delay temperature propagation ever
with low regain materials, Confirmation of this may be found in the observation
that similar times are generally required for moisture conditioning of textiles
in constant humidity rooms irrespective of type of fiber present, This operation
is related to temperature propagation in that Cassie has shown that the achieve-
ment of molsture equilibrium and temperature equilibrium are equivalent manifest-
ations of the same phenomaron., Experimental studies on the rate of regain change
are being made in o-der to obtain a more quantitative picture of this process,
Indications of the importance of the still air layer and of diffusion effects
have been indicated by preliminary results which rsuveal a slower rate of condi-
tioning fov fvzzy fabrics than for smooth fabrics.

There is a second effect which is operative in clothing vorn on the
body which also affects the heat realizable from the sorption of water. The
tody contirually dissipates moisture, roughly 3690 ¢ms. par he'r for a man
walking and under nowmai thermal lcad. The ret result is to kecp the body side
of clothing fabrics at a scmewhat higher welative hiridity than ambiont conditions
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Ogden and Rees have shown that for ambient temperatures well bélow freezing the
relative humidity in the area betwveen skin and fabric probably never rises much
above 50/>, However for warmer temperatures and with the subject under working
conditions the humidity in this fegion may approach saturation, Thus, only the
very outer layers of a garmet may reach the regain ¢f the ambient, and hence
relative humidities used in calculating the regairn figures »f Table 7 would be
much too low for clothes worn on the body. The resulting changes in regain,
and hence heats of sorption, would then be apprecliably less, perhaps by as much
as 50%, |
While much of the discussion of the advantages of high regain fibers
has been with respect to resistance to chilling, it should be made clear that
the same thermostatic phenomenon 1'ight well be disadvantageous in situations in
which physical activity leads to appreciable sweating in either cold or warm
exposures. In these instances, the sorption of moisture from the body by high
regain fibers would, by liberation of the heat of sorption, tend to nullifv arv

cooling achieved by evanoration from the skin,
F S
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TABLE 1 REPORT 10

THEM2AL RESISTAMNCE OF SHIRTING FABRICS,

TEMP. GRADIZNT 23 to 50°C, PRISSURE 1.0 LB/IN.?

Specific _Thermal Resistance B
a) o o Before Treatmentb) . 0 after Treatment
Fioes Conisat Moisture Content c’m? sec/cal in x 103 C m* sec/cal in x 10
%
Vool 0o 2,05 2,02
14 1,46 1,45
49 1.04 1,04
70/30 ‘iool-Viscose 0 1,92 ' 1.87
15 1.20 1,31
51 0.50 0,92

a) Above standard conditioned weight,

b) For shrink-resistance using a commercial chlorination process.
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TABLE 2 REFORT 10

THERMAL RESISTANCE OF ASSEMBLIES (SERGE OVER MOIST UNLERVEAR),

. Q
INIT. TEMP., GRADIENT 23 to -10 C, PRESSURE O.1 LB/INZ,

Upper‘Serge Init. Moisture Content Thickness Therm?I Resistance

ferie | ofldoplndemess  offemmly By o 20000
Wool (17) 27 89 0.122 1.38 x 103
Orlon (20) 26 _ 73 091 1.25
Sheared Wool (17) 25 73 102 1,40
Napped Orlon (20) 25 87 2112 1,29
Treated Vool (17) 25 87 124 1,42
Treated* Sheared

« ool (17) 27 75 204 1,39

*

Treated with anionic wetting agent to produce rapid wicking
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TABLE 3 REPORT 10
HEAT AND MOISTURE TRANSFER THROUGH SERGE FABRICS AS A FUNCTION OF FABRIC

WETNESS, TEMP, DIFF, 7C°, WIND VELOCITY 4,7 mepehe

Moisture 2/ Net Normalized?) Net Normalized?) EvaporativeC)
Fabric Content Water Loss Power Loss Cooling Ratig
gn/cm hr watts/cm
20 (Orlon) 0 (Initial) 3.%0 24,0 0485
65 (Final)
20 (Orlon) 76 (Mean) 4,16 2,0 0,72
" 71 (Mean 4,22 1.9 0.67
17 (Wool) 0 (Initial) 1.87 1.5 1.20
" 77 (Mean) 4,44 1.9 0.64
" 73 (Mean) 4,72 1.9 0460

a) Above conditioned weight,
b) Corrected for edge and cell insulation losses.
¢) Defined as the ratio of the sweating cell heat loss to the heat

required to evaporate all the water lost.
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TABLE 5 REPORT 10

HEAT AND MOISTURE TRANSFER THRCUGH NOOL SERGE FABRIC 17 CONTAINING GAPS

o
AND HOLES, TE!4P, DIFF, 7C ,

Wind Velocitv 4.7 m.D.he v nd Velocitv 15.2 me.n.h,
Number of 1/2"  Net Normalized Net Normalized Net Normalized Net Normalized
Diameter Holes Viater loss Pover Loss Water Loss Power Loss
gn/cm hr watts/cm gm/cm hr watts/cm
0 1.88 1.4 - 2.5 2.1
2 2.21 1.3 3.0 2,1

8 2.19 1.4 3.3 2,4
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INTRINSIC THERMAL RESISTANCE (°C sec mz/cal)

02

FIGURE 1, REPORT 10, THERMAL RESISTANCE OF UNDERWEAR FABRICS

AT VARIOUS MOISTURE CONTENTS.
(INIT. TEMP. DIFF. 23 TO %0°C, PRESSURE 0.1 1b/in?)

FABRIC
SHRINK RESISTANT WOOL
WOOL
NYLON

WATER REPELLANT NYLON

& 4

w X N> XC X

COTTON

Numbers adjacent to poirts are avera
specific resistances (per unit thicrness
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